Environmental related durability issues have been of great concerns in the structures strengthened with the fiber reinforced polymers (FRPs). In marine environment, moisture is one of the dominant factors that adversely affect the material properties and the bond interfaces. Several short-term and long-term laboratory experimental investigations have been conducted to study such behaviors but, still, there are insufficient constitutive bond models which could incorporate moisture exposure conditions. This paper proposed a very simple approach in determining the nonlinear bond-slip models for the FRP-concrete interface considering the effect of moisture conditions. The proposed models are based on the strain results of the experimental investigation conducted by the authors using 6 different commercial FRP systems exposed to the moisture conditions for the maximum period of 18 months. The exposure effect in the moisture conditions seems to have great dependency on the FRP system. Based on the contrasting differences in the results under moisture conditions, separate bond-slip models have been proposed for the wet-layup FRP and prefabricated FRP systems. As for the verification of the proposed model under moisture conditions, predicted pull-out load was compared with the experimental pull-out load. The results showed good agreement for all the FRP systems under investigation.
Introduction
The use of fiber reinforced polymer (FRP) is extensive in strengthening and rehabilitation of infrastructures. However, there are great concerns regarding the environment-related durability problems. To precisely predict the service life of the strengthened/rehabilitated structures, it is necessary to take account of the environmental durability related deteriorations. In the marine environment, the moisture is considered as one of the dominant factors which could affect both the material and the bond properties of the FRP strengthened/rehabilitated concrete structures. Various existing design guidelines for FRP strengthening reinforced concrete members recommended deterioration coefficient for FRP materials to reflect the effect of exposure environment. The coefficient was usually applied to the material properties of FRP itself, while the effect of environment on the bond-slip relation of FRP-concrete interfaces was not considered. Meanwhile, there are quite a number of studies trying to simulate the marine environmental conditions by altering the materials, immersion solutions, exposure durations, environmental conditions, testing methods, and so forth [1] [2] [3] [4] [5] . Among them, most of the studies have pointed out that the moisture conditions severely deteriorated bond interfaces between FRP and substrate concrete while the degree of effect varied. Generally, the moisture affects the interface between FRP and the concrete resulting in the reduction of the bond capacity. Such effects are usually reflected by transition in failure mode from concrete cohesion to the mixed or adhesion failures [1] . The extensive experimental investigation conducted by the authors found that the effect of moisture was largely dependent on the selection of the materials. Among 6 of the commercial FRP systems investigated for the maximum moisture immersion 2 International Journal of Polymer Science period of 18 months, two of the cases suffered significant deterioration in the bond properties compared to the rest of the systems [6] . These experimental findings should be accounted properly into the bond interface properties by incorporating the moisture effects in the bond-slip models.
In order to evaluate the interfacial bond mechanism between FRP and concrete and to simulate the interfacial behavior of FRP strengthened members under moisture condition, there is a necessity to develop related bond stressslip models [7] . Dai et al. [8] proposed a simple analytical method of determining the nonlinear bond stress-slip models, which was proved to predict the bond behavior of the FRP-concrete interface with fairly good accuracy. However, the model was only meant to predict for the cases without the influence of environmental actions that a structure usually experiences during its service life. Some of the available literatures considering such environmental effects in the bond-slip models are briefly summarized hereafter. Dai et al. [9] developed nonlinear bond-slip model for FRP laminates externally bonded to concrete at elevated temperature considering the existing test data of FRP-concrete bonded interfaces at temperatures ranging from 40 to 180 ∘ C. They modified the two-parameter bond-slip model to consider the influences of both temperature induced thermal stress and temperature induced bond degradation. The interfacial fracture energy decreased after approaching the glass transition temperature of the bonding adhesive. The proposed temperature dependent bond-slip model was able to provide reasonably close prediction despite the large scatter of the data. Yun [10] developed an analytical model for bond-slip relationship considering the effect of freeze-thaw cycles. Yun used the measured slip distribution to propose the bondslip relation. According to the model, if the bond length is sufficient then the bond-slip relation for that region does not vary along the bonded area, whereas if the bond length is not sufficient then the bond-slip relation varies with the location.
In a study on effect of moist environment, Ouyang and Wan [11] identified the interface region relative humidity (IRRH) as the primary factor that affected the bond fracture energy of FRP-concrete interface in moist environment and the ultimate bond performance. A deterioration model was developed to describe the local relation between the interfacial fracture energy and the IRRH in moist environment [12] . Similarly, Silva et al. [13] investigated the effect of moisture, salt fog, and temperature cycles on the CFRP/GFRP-toconcrete interfaces for the maximum period of 10,000 hours. The authors compared several components such as maximum bond stresses, ultimate slip, fracture energies, and effective bond length and proposed bond stress-slip laws taking into account those effects.
All the above literatures point out that the bond-slip models incorporating the effects of long-term environmental conditions are extremely scarce and the findings are based on a certain FRP system. But as the environmental durability is greatly dependent on the materials, it is crucial to consider many FRP systems while deriving the interfacial bond models. Therefore, the objective of this paper is to propose interface bond-slip models considering the long-term effect of moisture exposure up to 18 months in 6 commercially available FRP systems in the world. Brief experimental information required in the paper is presented hereafter.
Experimental Details
The experimental program consisted of single lap shear bond specimens prepared by using 6 commercial FPR systems from well-known Japanese, European, and US based manufacturers. This included 4 FRP sheet bonding instances, one plate bonding, and one strand sheet bonding along with the suggested epoxy resins. The 6 systems are identified as SB-A, SB-B, SB-C, SB-D, SB-E, and SB-F, respectively. The epoxy resins were two component room curing type resin with base and hardener. The base was a bisphenol-A type epoxy resin, whereas the hardener was modified polyamines. Prior to the bonding of the FRP, primer layer was applied on the concrete for the systems SB-A and SB-B based on the suggestion of the manufacturers.
Altogether 126 concrete prisms were prepared with the dimensions of 150 × 150 × 300 mm as shown in Figure 1 . The compressive strength of the concrete cylinders tested after 28 days of curing was 29.50 MPa. For the preparation of the bond specimens, the concrete surface was treated uniformly with a disk grinder till the coarse aggregates were exposed and cleaned properly. Then FRPs were attached on 3 sides of the concrete following the application procedure of each manufacturer. For the shear bond test, FRP strip of 50 mm width was attached on the concrete blocks with the bonding length of 200 mm. As for the tensile test, FRP strip of 50 mm width and 150 mm length was bonded at the bottom of the specimen to conduct the direct pull-off test. All the specimens were left for curing in the laboratory environmental conditions for more than a month. The nonimmersion specimens, which are also referred to as the 0-month case, were kept at ambient condition inside the laboratory until the test. As for the moisture exposure conditions, the specimens were completely immersed in a water pool maintained at a constant temperature of 20 ∘ C for the maximum period up to 18 months. The immersed specimens were taken out from the water every 3-month interval and immediately transferred into the environmental chamber (Figure 2) for the bond tests. Inside the environmental chamber, the humidity of over 85% and temperature of 20 ± 3 ∘ C were maintained throughout the test period. Three samples were tested for each exposure condition to validate the results. However, the strain information was measured only in one of the three cases during the shear bond test at 0-, 6-, 12-, and 18-month duration of exposure. The strain gauges were placed at spacing of 20 mm from the loaded end to 160 mm. The strain gauge arrangements and the moisture chamber are shown in Figure 3 .
Experimental Results and Discussions
The detailed experimental results are reported in Shrestha et al. [14] . Thus, only a brief summary is presented in this paper. According to the results of 18-month exposure, the moisture effect varied greatly depending on the FRP systems. Overall, the wet-layup FRP systems performed poorly in comparison with the prefabricated FRP systems after moisture exposure. All the wet-layup FRP systems showed certain deteriorations due to moisture exposure and the effects were quite significant in two of the systems. The average bond strength was reduced by 25% and 16%, respectively, for SB-C and SB-D after the exposure, whereas the reduction in systems SB-A and SB-B was less than 5%. As indicated by the observation of the failure modes, the reductions were mainly due to local deterioration of the bonds at the interfaces as a result of moisture exposure. Such deterioration of the bond was most serious when the adhesion failures occurred as observed in systems SB-C and SB-D, while transition of failure modes from concrete cohesion to the mixed mode resulted in a mere reduction in the bond strength. In contrast, prefabricated FRP systems SB-E and SB-F showed either no effect or some positive effect of moisture exposure conditions. No correlation was found with the evolution of the material properties to explain such phenomenon. However, it is wellknown that the prefabricated FRPs have better and consistent quality than the wet-layup FRPs which is due to the process of resin impregnation and curing of the fibers in the factory. It could be one of the reasons for the overall better performance. But the obvious distinction in the behavior was mainly observed in the failure modes after the moisture exposure.
For the wet-layup, it was either mixed or interface failure for most of the cases. In contrast, failure modes for the prefabricated cases were mostly concrete or mixed failure suggesting stronger adhesion bonds at the interface [14] . Finally, the FRP strain results obtained from the experiments were used to develop the bond-slip relations for moisture exposure conditions which is discussed hereafter.
Analytical Approach

Review of Dai's Methodology.
Dai et al. [8] developed a simple method to determine the local bond stress-slip relationships of FRP sheet-concrete interfaces which required pull-out force and loaded end slip. Based on the method, a simple interfacial shear stress-slip ( -) relationship was proposed with only two parameters; interfacial fracture energy, , and interfacial material constant . The applicability of the method has already been verified with the experimental results. Brief background of the model is presented hereafter.
Dai et al. [8] used a simple mathematical function as given in (1) which was proved to represent the strain-slip ( -) relationship with a good accuracy when compared with the experimental results.
where and are experimental parameters obtained from the nonlinear regression between the plots of strain-slip relationship. The physical meaning of corresponds to the maximum strain in the FRP provided the bond length is sufficient and can be regarded as the ductility index which controls the shape of the bond-slip curve [9] . Then the expression for the -is given by
and are Young's modulus in MPa and thickness of FRP in mm, respectively.
By integrating -function, the interfacial fracture energy can be obtained as
The final expression of -in terms of and is as follows:
The relationship for the ultimate pull-out load is given by
Even though the above approach is not dependent on the FRP reinforcement type, the validity of the above approach has not been tested for the strand sheet and plate bonding cases. Therefore, applicability of Dai's methodology was first confirmed in case of all the six CFRP systems in ambient conditions. As for the evaluation of the accuracy of the model, integral absolute error (IAE) was calculated as given by (6) . This IAE factor which is the cumulative error value is sensitive to the deviation of test results in the model. Previous researchers have used this factor to evaluate the accuracy of the model [15, 16] . Table 1 shows fairly good ratio of predicted ultimate load and experimental ultimate load with the average ratio of close to 1 with an IAE of 11.55%. The predicted ultimate loads were calculated using (5) where the parameter was determined by regression analysis of the experimental strainslip relationship given by (3) for each individual case. It is known that Dai's methodology was only developed and confirmed for the ambient environment conditions; however, the applicability of the method in the case of other environmental exposures is still unknown. Therefore, the experimental data obtained from the shear test conducted at different moisture conditions were used to predict the ultimate load to check its applicability other than ambient condition. Figure 4 shows the comparison of predicted and experimental ultimate loads, the former of which were International Journal of Polymer Science calculated by (5) with the regressed value of for the case at ambient condition. The figure shows slight overestimation of the ultimate load by the predicted model, signifying that the moisture affected cases cannot be predicted precisely with it. The average ratio of predicted to the experimental ultimate load is 1.12 with IAE of 16.43%, which is higher than that for the case without the environmental effects (as shown in Table 1 ). This could be possibly due to the fact that the strain-slip ( -) relationship in case of the ambient exposure is different from that of the moisture exposure. The local deteriorations caused by the moisture at the interfacial region affects the debonding process. Therefore, to incorporate such local effects in the model, Dai's methodology of determining the bond-slip relation should be modified accordingly.
Analytical Approach to Nonlinear Bond Stress-Slip Model
for Moisture Exposure. The brief steps to determine the bondslip relationships in moisture condition are shown in Figure 5 . According to Dai et al. 's [8] concept, when there is a sufficient bond length, the pull-out forces and the slips at the loaded end can be measured accurately through which the relationship between the strain in the FRP sheets and the slips can be determined easily. Based on that, a single -at the loaded end of the FRP was used to determine the values of and by nonlinear regression analysis as shown in (1). However, in this study, the local responses along the bond length were measured by strain gauges attached at the regular interval. The corresponding slips at those locations were calculated by integration of strain. The obtained -relationships at such different locations were regressed using a common mathematical function as given in (1), to determine a single regressed curve that would represent the average response of -distribution throughout the bonded length. For the regression purpose, only those locations were selected in which the bond lengths were greater than the effective bond length estimated from the strain distribution. In Figure 6 , typical measured strain-slip data at 0, 6, 12, and 18 months and their corresponding regressed curve fittings are shown for SB-B system. Similarly, the regressed -curves were determined in all the 6 FRP systems at different exposure durations which are shown in Figure 7 . The regression coefficients in all the cases with their correlation factors are given in Table 2 . The values of correlation factor lie within the range of 0.92 to 0.97, showing a very good agreement between the proposed shape function (see (1) ) and the experimental data. For all the FRP systems shown in Figure 7 , -curves show distinct responses to the moisture exposure durations. The moisture at the interface region seems to influence the load transfer mechanism between FRP composite and concrete, affecting the ultimate strains on the FRPs. Specimens SB-C and SB-D show the greatest reduction in the peak strain values and increase in interfacial slip after exposure, whereas specimens SB-E and SB-F show increase in peak strain after exposure. Such effect is unclear in SB-A case, but SB-B case shows a small reduction in the peak strain after exposure.
Using the obtained regression coefficient values of for each individual FRP systems at each exposure duration, the fracture energies were calculated using (3). As for the stiffness of the FRP composites, it is assumed to be unaffected by the moisture conditions; thus, the same values provided by the manufacturers were used for the calculations. This assumption seems to be fair in case of CFRP composites, as the carbon fibers are the major component in the composite, which are highly durable material against environmental degradations. However, it cannot be denied that some degradations could occur in epoxy resin binding those fibers or resin-fiber interfaces, but its overall contribution towards the ultimate strength and stiffness would be small for the CFRPs. Both Nguyen et al. [17] and Sciolti et al. [18] have found similar negligible effect of immersion in water on the tensile modulus of the CFRP, when exposed for 1 year and 30 weeks, respectively.
All the calculated fracture energies and the regressed values and are presented in Table 2 . For the comparison purpose, the table also shows the normalized fracture energy values, which were calculated by (3). For each system, it is the ratio between the fracture energy for a particular exposure duration to the fracture energy for the nonimmersion case (0 months). For systems SB-A, SB-B, SB-C, and SB-D, the normalized fracture energies are mostly less than 1 after exposure indicating the reduction in the bond capacity in presence of moisture. In contrast, SB-E and SB-F show higher fracture energies after exposure indicating improved bond properties after moisture exposure. As the fracture energy and the bond strength are closely correlated (also shown by (5)), their behaviors towards the moisture exposure duration have similar trends in all the FRP systems. The loss/gain in the bond strengths after immersion can be explained by reduction/increment in fracture energy due to degradation/improvement in the bond properties from moisture exposure. Even though many of the previous studies have observed more severe degradation in bond properties with the increase in exposure duration, it was not the case in the present study. Two different sets of responses were obtained based on the FRP systems. Thus, all the systems cannot be generalized into a single common framework. Nevertheless, to visualize the effect of exposure, the immersion cases were simply grouped as one by taking the average of all the values, 1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  1  2  3 slip ( -s) 0
Exp. strainslip ( -s) 18 Exp. strainslip ( -s) 12 Exp. strainslip ( -s) 6 Fitting using a mathematical function = A(1 − exp (−Bs))
Determination of bond-slip relation, = A 2 BE f t f exp (−Bs) (1 − exp (−Bs)) irrespective of the exposure duration, and then compared with the reference or nonimmersion condition. Figure 8 shows such relative changes in both bond strengths and fracture energies. From the figure, significant reductions are evident in SB-C and SB-D cases, with small changes in SB-A and SB-B cases. Nevertheless, such losses in bond strengths and fracture energies could be attributed to degradation of the interfaces caused by moisture conditions. In contrast to such behaviors, specimens SB-E and SB-F showed significant gain in performance after exposure.
International Journal of Polymer Science The proposed bond-slip models from (4) using two known parameters, A and B, were compared with the experimentally obtained local bond-slip curves at different locations as shown in Figure 9 . As for the nature of the experimental local bond-slip relationship, there are some variations on the bond-slip curves at different locations even for the same specimen. This means that one cannot choose any one local bond-slip relationship as the representative one. Thus, it is common to take the average response of such local phenomenon. In this regard, the predicted models showed fair agreement showing average response of the experimental data.
Influence of Moisture Exposure on the Parameters
and . The interfacial fracture energy ( ), which was calculated from based on (3), and the ductility index ( ) are two of the key parameters in the bond-slip models. While introducing the moisture effect, it is necessary to know the influence of the moisture exposure on those two parameters. The changes in the material or the interfacial properties due to the moisture exposure will be reflected by changes in these parameters. Since each FRP system has its own set of and , which are dependent on the FRP material properties, concrete properties, surface roughness, and so forth, they are normalized by the reference/nonimmersion cases, to know the influence of moisture exposure conditions and to make a comparison among different FRP systems. Based on the trend of the experimental results, FRP systems were divided into two categories. The first category includes all the wetlayup FRP systems SB-A, SB-B, SB-C, and SB-D that showed some form of reductions in the bond strength and the fracture energy after the exposure to moisture, whereas the second category consisted of prefabricated FRP systems SB-E and SB-F that showed improvement in the bond strength and the fracture energy after the exposure to moisture. To evaluate such effect of moisture, the parameters and at any exposure duration ( , in months) was normalized by the nonimmersion case (0 months).
Env. and Env. are the ductility parameter and the interfacial fracture energy, respectively, for immersion case, whereas 0 and 
In case of the prefabricated FRP systems,
Based on the above expressions from (7)- (10), the effect of moisture conditions is incorporated in the parameters Env. Table 3 .
Thus, the two-parameter bond-slip relationship given in (4) can be rewritten incorporating the effect of moisture exposure duration as
where is the duration in months. Using (11) , the bond-slip models for all the systems were prepared for different exposure durations as shown in Figure 12 . SB-E-0 exp. SB-E-6 exp. SB-E-12 exp. SB-E-18 exp.
SB-E-0 ana. SB-E-6 ana. SB-E-12 ana. SB-E-18 ana. 
Verification of the Model.
As for the verification of the proposed model for the moisture conditions, the ultimate pull-out loads from the experiment were compared with that of the predicted load. The expression for ultimate predicted load for the case of moisture exposure condition is given by
In the above equation, calculated fracture energies given in Table 3 were used for the exposed cases to determine the ultimate pull-out loads. Figure 13 shows good agreement of the predicted and experimental ultimate loads at 0, 6, 12, and 18 months for all the 6 FRP systems investigated in this paper. The average ratio of the predicted to the experimental ultimate load was around 0.99 with an IAE of 12.84%.
Conclusions
The effects of moisture conditions on the 6 different FRPconcrete bonded systems were investigated for the maximum period of 18 months. Based on the experimental results, Dai's approach of determining the nonlinear bond-slip model was modified to propose the new bond-slip models incorporating the moisture effects at the normal temperature. Some of the main points are briefly summarized below:
(1) The effect of moisture on the FRP systems can be categorized into two different cases based on the observation of average interfacial fracture energies and bond strength after exposure. In general, wetlayup FRP systems showed reduction in the interfacial fracture energy and the ultimate bond strength after exposure, whereas the prefabricated FRP systems SB-E-0 ana. SB-E-6 ana. SB-E-12 ana.
SB-E-18 ana. SB-E-24 ana. showed improvement. Separate bond-slip relationships have been proposed to mark such contrasting behavior.
(2) The effect of exposure duration was related to the two parameters: interfacial fracture energy ( ) and ductility index ( ) separately for the two systems. In both of the cases, the effect of moisture seems to primarily affect the bond properties until the period of the first 6 months, after which further exposure does not affect much.
(3) Bond-slip models are determined with modified fracture energy Env. and ductility index Env. to incorporate the effect of moisture condition and duration of exposure.
(4) The predicted ultimate loads were compared with the experimental loads at different exposure durations for all the 6 FRP systems. The results show fair agreement between the predicted and experimental values.
